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ABSTRACT
Impact "broadened half-widths of some singly ionized argon lines
have been measured using an electromagnetic "T-tube" as a light
source. Measurements of the electron density and temperature show
N

= 1.03 x 10"^ cm~^ and T = 18,000° K. Comparison of the measured
e
e
half-widths to theoretically calculated values shows the measured
half-widths to be larger than predicted by a factor of 2 . 5 to 3 »0 .

vii

MEASUREMENTS OF STARK WIDTHS OF ARGON ION LINES

CHAPTER I
INTRODUCTION AND BACKGROUND
Introduction
The techniques of spectroscopy have been utilized by astro
physicist for many years to obtain information about the physical state
of the atmospheres of stars. More recently these techniques have been
employed to obtain information on the properties of high temperature
laboratory plasmas.

A considerable amount of theoretical work has

been accomplished in attempting to associate the observed spectroscopic
data with the physical properties of the environment from which they
were produced.

In particular the distribution of radiation intensity

as a function of wavelength (the so-called line profile) has received
considerable attention as it often affords a sensitive measurement of
the electron density or the ion temperature.

Several, mechanisms are

known to change the intensity distribution in a spectral line thus
broadening the profile.

The most important of these mechanisms, in so

far as many laboratory experiments are concerned, is broadening of the
spectral line due to the Doppler effect and broadening due to colli
sions with other particles.
Broadening Mechanisms
Doppler broadening.- Doppler broadening of spectral lines arises
from the fact that a photon emitted by a moving source has its
frequency shifted relative to a stationary observer.

At the tempera

tures encountered in plasma spectroscopy this broadening mechanism

2

3
may sometimes be important. If* the radiating atoms or ions have a
Maxwellian distribution of velocities, the observed line has a
Gaussian shape.

Ld(A)

me

2

(1-1)

=

2kTA
o

2kTA 2
o

whose half-width (full width at half maximum intensity) is

l/2
2kT !n(2 )
me

(1 -2 )

where
c = speed of light
k ss Boltzmann’s constant
T = absolute temperature
m = mass of radiating atom or ion
ss

wavelength of the unshifted spectral line

Lp(A) = intensity distribution of the Doppler broadened line as a
function of wavelength
Collisional broadening.- Several distinct collisional broadening
situations may occur:
(a)

Collisions of the radiating atom with neutral particles of

another element;
(b)

Collisions of the radiating atom with a neutral atom of the

same kind (self-broadening);
(c)

Perturbations by static ion fields;

4
(d)

Perturbations by rapidly moving electrons, which can usually

be described in the impact approximation.
For many laboratory experiments the first two situations may be
ignored since sufficient ionization is obtained reducing the neutral
density to a negligible amount.

The second two situations then are

the most important mechanisms of broadening in high temperature,
ionized gases.
The classical impact theory was developed by Lorentz,^ who assumed
that the broadening was due to the interruption, by collisions, of a
wave train that is unperturbed during the time between collision.
These interruptions were assumed to destroy completely the coherence
of the radiation.

The classical impact theory remains as the basis

2 3
of the more recent ”strong collision" theories. *

These theories

yield Lorentzian profiles with halfwidths (total width at half maximum
intensity) that are essentially equal to the frequency of collisions.
A classical approach to the problem was also taken by Holtsmark,

if

who

assumed that a static ensemble of perturbing particles shifts the
frequency of a spectral line and that the resultant line profile is
found by averaging over different static configurations.

The

^H. A. Lorentz, Proc. Acad. Sci. Amsterdam 8 , 591 (1906).
2
R. Karplus and J. Schwinger, Phys. Rev. 75» 1020 (1948).
^J. H. VanVleck and V. F. Weisskopf, Revs. M o d e m Phys. 17, 227
(19^5).
1l

H. Holtsmark, Ann. Physik 50, 577 (1919)> Physik. Z. 20, 19 6 2
(1919); Physik. Z. 2 5 , 75 (1924).

5
5

statistical theory of Holtsmark was later generalized "by Margenau
Kuhn

who established criteria for the underlying assumptions.

and

A

7

physically more satisfactory impact theory was proposed by Weisskopf
at about this same time.

This theory assumed that collisions cause

broadening by changing the phase of the emitted radiation.

This theory

suffered, however, from the assumption that only phase changes greater
than a certain phase shift of order unity were important.

The first

attempt to synthesize the impact and statistical theories was made by
Q
Spitzer, who found that they both follow from a single formalism.
Spitzer also derived criteria for the validity of the impact theories
and recognized that collision-induced transition, in addition to
phase changes, cause broadening.

Spitzer1s theory was limited,

however, to the cause where only the upper state of the transition is
degenerate, but was later generalized for the case when the final state
of the transition is also degenerate.

Q

Improvement of the phase shift

theory followed as a result of the work of Lindholm,^ Burkhardt,^

^H. Margenau, Phys. Rev. *4-0, 387 (1952): Phys. Rev. ^8, 755
(1955); Phys. Rev. 82, 15 S (195*).
6H.

Kuhn, Phys. Rev. ^2, 135 (1957)> Phil. Mag. 18, 987 (195*4-).

7 V.
Q

Weisskopf, A. Physik Jp, 2dj (1932).

L. Spitzer, Jr., Phys. Rev. 22/ 6 9 9 (l939)» Phys. Rev. 2§j 39
(1939)? Phys. Rev. 5 8 , 3H8 (19TO).
Q

A.
1 0 E.

C. Kolb, dissertation, Univ. of Mich., 1957 (unpublished).
Lindholm, Arkiv Mat. Astron. jys. 32A, 17 (19*4-5).

•^G. Burkhardt, A. Physik 11, 592 (19*40).

6
TO

and Foley

who derived formulas for the halfwidth and shift of

spectral lines using a general perturbation inversely proportional
to the n^*1 power of the distance between the radiating atom and the
perturber.

These authors did not take into account the effect of

collision-induced transitions (nonadiabatic effects) and calculated
their interaction constants from the energy shift for static pertur
bations.
Anderson,

This more general phase shift theory was improved by
13

who included nonadiabatic effects for completely degen

erate initial and final states.

Adiabatic and nonadiabatic effects

in the broadening of hydrogen lines by electron impacts, using the
B o m approximation, were treated by Kivel, Bloom and Margenau,

1^

but

the ion field splitting of the normally degenerate hydrogen energy
levels was neglected.
The most recent work in the field of spectral line broadening
has been accomplished by Baranger,

15

who showed the equivalence of a

quantum mechanical approach and a straight line classical approach for
hydrogen, and by Griem and Kolb,
classical path.

*1 7

y

who used a straight line

Both theories, however, take into account both phase

12H. M. Foley, Phys. Rev. 6g, 6l6 (19^6).
^ P . W. Anderson, Phys. Rev.

6k"J (19^-9) •

1 ^Kivel, Bloom, and Margenau, Phys. Rev. 9 8 > ^95 (1955)•

^ M . Baranger, Phys. Rev. Ill, 48l (1 9 5 8 )} Phys. Rev. Ill, ^9^
(1958)) Phys. Rev. 112, 8 5 5 (1958).
16

A. C. Kolb and H. R. Griem, Phys. Rev. Ill, 51^ (1958).

"^H. R. Griem, A. C. Kolb and K. Y. Shen, Phys. Rev. Il6, ^ (1959).

7
shifts and nonadiabatic effects.

Modern Stark broadening theory, as

described in articles by Baranger1^ and Griem, ^ is quite complex and
to present the entire derivation would not contribute to understanding
the experiment as the object of the investigation is to determine if
the theory accurately predicts the half-widths of singly ionized argon
lines.

For this purpose only a brief discussion is necessary.

The basic interaction leading to Stark broadening is the Coulomb
interaction between the dipole moment of the emitting atom (or ion)
and the local electric field produced by neighboring electrons and
ions.

The two effects, while they are both due to electrostatic inter

action, are treated separately since the electric field due to the
(heavier) ions changes slowly in time while that due to the electrons
is a rapidly varying function of time.

For broadening due to ions,

the problem is that of determining the energy level shifts in a static
electric field and then taking a statistical average over the
distribution of the fields obtaining a distribution of energy level
shifts and hence a broadened spectral line.
Broadening due to electrons is the same except that the higher
velocity of the electrons requires a time dependent calculation.
Broadening by electron collisions is treated in an impact approximation
in which the collisions are assumed to be well separated in time.
---- -g---------------------- — ......--- -— .--. ------- -— — ~■ •■—
M. Baranger in Atomic and Molecular Processes, D. R. Bates, ed.,
Academic Press, New York (l96>2), Chp. "1 3 .
19

H. R. Griem, Plasma Spectroscopy, McGraw-Hill,New York (l9$0,
Chp. b.

8
Several assumptions are involved in the impact theory.

These

include a straight line classical path for the electrons, only a
dipole interaction between the perturber and emitter and neglect of
broadening of the lower state of the transition.
for the half-widths is given by Griem.

The final results

20

a) = [ 2 + 3-5 a(l - 0 r)]a)T

(1 -3 )

where:
o
= total half-width, A
a = ion broadening parameter
r = 0.09 N 1^
e

t "1 / 2

o
<£>' = half-width due to electron impacts, A
3 = 0 .7 5 for neutral atoms, 1 . 2 for singly ionized atoms

= electron density.
Values of the parameters

a

and

<a'

for

N

of temperatures have been tabulated by Griem.

16
-5
= 10
cm
21

and a range

These values are

easily converted to other electron densities by the relation

a '

= a (Ne)l/!^

and
0)" = co« Ne

N

e

in units of

(1 ^5 )

1 0 ^ cm"^

-------20
H. R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (1 9 64),
Chp. 4.

21

H. R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (1964),
Chp. 4.

The parameter
N

g

a

(typical value is 0.008) varies slowly with

so that equation (l-3) is essentially a function of

N .
e

22
The predictions of this latest theory were tested hy Berg at al.
on the Balmer lines of hydrogen using an electromagnetic T-type as a
light source.

The results of this experiment showed agreement

between theory and experiment to about 15 percent for
and to about 5 percent for

Hg.

and

B^,

The results were verified by Wiese

23
et al. using a wall stabilized arc as a source.

Verification of the

theory for the ultraviolet lines of hydrogen was obtained by Elton,
who measured the profiles of

and

24

Lg, using an electromagnetic

T-type as a light source.
The theory was then extended to predict the shifts and widths of
neutral helium.

25

Verification between theory and experiment was

26
27
obtained by Berg et al.,
although a later experiment by Lincke '

indicated that there may be a 10 percent overestimation of the widths
in helium.

22
H. F. Berg, A. W. Ali, R. Lincke, and H. R. Griem, Phys. Rev.
125, 199 (1962) .
23
W. L. Wiese, D. R. Paquette, and J. E. Solarski, Phys. Rev.
129 , 1225 (1963).
2k
R. C. Elton and H. R. Griem, Phys. Rev. 135» 1550 (1964).

25
26

H. R. Griem, M. Baranger, A. C. Kolb, and G. Oertel, Phys.
Rev. 122, 177 (1962).
H. F. Berg, A. W. Ali, R. Lincke, and H. R. Griem, loc. cit.

27
R. Lincke, dissertation, Univ. of Maryland (1964).

10
Based on the success of the theory for hydrogen and helium, the
theory was extrapolated by Griem,

28

to predict the widths and shifts

of neutral and singly ionized species up to calcium.

Agreement

between theory and experiment has been obtained for the neutral
elements nitrogen,

29

o
oxygen,

helium33 and nitrogen.

30 31
32
9
and cesium
and for singly ionized

3k-

The present experiment was undertaken to test the validity of the
theory for singly ionized argon.

Argon was chosen since it is a

popular gas in many plasma experiments and, being a noble gas (i.e.,
nontoxic, noncorrosive, nonexplosive and chemically inert), no
problems would be encountered in its handling.

H. R. Griem, Phys. Rev. 128, 51 5 (1 9 6 2 )
29
^A. Stampa, Z. As trophy s. 5 8 , 82 (1 9 6 3 ).
30
M. Jung, A. Astrophys. 3 8 , 93 (1 9 6 3 ).
31 W. L. Wiese and P. W. Murphy, Phys. Rev. 131, 2108 (1 9 6 3 ).

32
P. M. Stone and L. Agnew, Phys. Rev. 127, 1157 (1 9 6 2 ).
33

H. P. Berg, A. W. Ali, R. Lincke, and H. R. Griem, loc. cit.

3kR. A. Day, dissertation.

Univ. of Maryland (1 9 &+).

CHAPTER II
THEORETICAL DISCUSSION
Spectroscopic Theory
Spectral line radiation.- The investigation considered here is
concerned with an experimental measurement of spectral line profiles
emitted hy a plasma.

Some theoretical discussion is necessary for an

understanding of the experiment and since these subjects are extensively discussed elsewhere,

35 36
3
only a short treatment will be given

here.
If a group of atoms (or ions) is placed in a radiation field of
intensity

I

(energy per unit area per unit time) several processes

may take plane.

An atom in an excited state

undergo a transition to a lower level
radiation.

n

m

may spontaneously

emitting a quantum of

The energy of this quantum is just the energy difference

of the two levels.

hv
= E - E
mn
m
n

(2-1)
'
7

where:
h = Planck’s constant
v
55

= frequency of the radiation
--------------------------A. Unsold, Physik der Sternatmospharen» Springer Verlag,
Berlin (1955)> Chp. 1.

36
H. R. Griem, Plasma Spectroscopy. McGraw-Hill, New York (1964),
Chp. 4.

11

12
E

= energy of the

En = energy of the
If there are

N
m

m^

level

n^h

level

atoms in the m

level at a given time, the

rate at which they will undergo transitions to the level

n

is given

by:
R

se

= N A
m mn

(2-2)

where:
A

= transition probability, per unit time, for spontaneous
emission for the transition

m -> n.

Due to the presence of the radiation field the inverse process may
also occur. An atom
radiation andmake

in the state

n

mayabsorb

a transition to the state

a quantum of

m.Equation

(2-l) still

applies, the difference being that the energy is absorbed instead of
emitted.

If there are

N

n

atoms in the

n

"til

state the rate for the

absorption process is given by:
R

= B I
nm v

(2-3)
^

= absorption transition probability per unit time for

n -»m

a

where:
B
I

= radiation intensity of frequency

v.

Induced (or stimulated) emission may also occur, whereby an atom
m

the

m

th

/
state will have a greater probability (due to the

radiation field) of making a transition to the state
a quantum of radiation.

The rate for this process is:

n

and emitting

13

R!= = ^m Bmn
ie
mn \v
where:
B
= transition probability per unit time for induced emission
mn
m -» n.
Coefficients for emission

and absorption

may now be

defined.
e = N (A
+1 B W
v
m I mn
v mn;

(2-5)

and
a

v

= N

n

B
hv
nm

(2-6)
'

The equation of radiative transfer expresses the change in intensity
of a beam of radiation over an interval of length (ds) due to the
emission and absorption occurring within the beam over this interval.
This equation may be written as
d I
_ Z
ds

(2 -7 )

= e - a I
v
v v

If the system under consideration is in equilibrium
d I
ds

= 0

and

€ = a I
v
v v

For this case Kirchoff's law states that
frequency and temperature only.

I

v

(2-8)
is a function of

The intensity is then given by the

Planck radiation law.
.3

BV(T) =

• (erp

-1
- l)

(2-9)

Ik

where:
k = Boltzman’s constant
T = absolute temperature
c = velocity of light
The population of the atomic states

m

and

n

of the atom is

then given by the Maxwell-Boltzman distribution:

where:
g^ = statistical weight of the states

m

With the use of these expressions it can be shown that the
following relations must hold between the transition probabilities
for absorption, induced emission and spontaneous emission.
2
c

(2-11)
mn

Using these relations the absorption coefficient may now be
redefined to include induced emission.

(2-12)
The equation of radiative transfer may then be written as:

If the system under consideration is uniform, this equation has the
solution

15

!„(■) = Bv(T)
The product

a ’s
v

1 - exp

is called the optical depth.

Radiation sources

for which
a ’s < < 1
v

(2-15)

are called optically thin (for the frequency

v).

For this case the

exponent in equation (2 -l^f) may he expanded.

(2-16)

I (s) « a's B (T)
v
v
V

Equation (2-l6) is equivalent to considering only spontaneous emission
from the source.

The total intensity of a spectral line emitted by an

optically thin source, per unit time, may now be obtained.

+00

I

/

where
s = thickness of the source.
The integration over frequency takes into account broadening of
the line.
The population of the atomic state

m

can be related to the

ground state population of the species by the Boltzmann factor

(2-18)
where:

16
N

= ground state population of the species
°

Z(T) = ^

Ei

g± exp - ^

.

Using this relation, equation (2-17) may he written as
g
E
I
= A
hv N s -T^y exp - ^
mn
mn mn o
Z(T)
kT

(2-19)

In a system where ionization occurs, the equilibrium density ratio
between two successive stages of ionization may be determined from the
Saha equation. 37
e

i+l

0 f 2jankT Y '

i+l

i

/o
<2- * >

where:
= density of atoms in the ionization state
IT = density of atoms in the ionization state

i+l
i

m = electron mass
= ionization energy of the species

i, corrected for plasma

effects
Ne = electron density

For a system in which two different types of atoms are present
equation (2 -2 0 ) would have to be solved for each type and the two
equations would be related by the electron density.
37
A. Unsold, Physik der Sternatmoshparen» Spinger Verlag, Berlin
(1955), Chp. l.

17
The temperature dependent term of equation (2-19) Is large.

For

example, if radiation from a singly ionized argon atom is considered
at a temperature of 18,000° K, the exponent in equation (2-19) is of
the order of l4.

The population of the ground state of

A II

will

have an exponential dependence of the order 1 0 , so that the intensity
varies as

exp (-24) . A temperature change of 10 percent would then

cause the intensity to change hy a factor of seven!

Thus if one

wishes to monitor the source temperature to insure against a tempera
ture change it should only be necessary to monitor the intensity of an
ion spectral line.
Continuum radiation.- The continuum radiation observed in a
plasma is due to two different processes:

radiative recombination,

in which a free electron combines with an ion (i.e., a free-bound
transition), and to bremsstrahlung, in which an electron collides
with and is accelerated by an ion (free-free transition). A derivation
to obtain the intensity of continuum radiation due to these two
processes is available in the literature

38

The final result for a hydrogen plasma is:

I

gff

39
AE
P
kT

8

= 1 X 10
c
’ A2 ( M ) 1 ''2

and is not repeated here.

n

n
o

-1

(2 -21 )

H. R. Griem, Plasma Spectroscopy, McGraw-Hill,. New York (1964)
Chp. 4.
5 % . R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (1964)
Chp. 4.

18
where:
Z =s 1 for neutral atoms, 2 for singly ionized, and so forth
A = wavelength, X
toff3

, = Gaunt factors for free-free, free-bound transitions

AE^ = reduction of the ionization potential due to plasma effects
n
= highest quantum state existing at the electron density
max

N

c

kT, hv, and AE
in electron volts.
9
P
The Gaunt factors are defined as the ratio of a rigorous quantum
mechanical expression and the corresponding semiclassical expression.
The reduction of the ionization potential is due to Coulomb inter
actions in the plasma.

This effect causes the atom or ion to be

shielded somewhat by electrons which reduces the number of bound
states of the atom.
related to

nmay

This reduction of the ionization potential is

4o
by the expression
AE

=
P

An expression for

AE^

2
---■■■ electron volts

n

max

has been derived by Griern.
,A * N W
%

(2-22)

= Ze \ - * r !

In

2
(2-25)

where:
e =s electron charge.
k-0
———— — — —
~~ 1
.... 1....... '
G. K. Oertel, dissertation, University of Maryland (1 9 6 2 ).

4l

H. R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (1964),
Chp. 4.

19
The -iTnpn-rt.fl.nt point of equation (2-21) is the quadratic dependence
of the continuum intensity on the electron density.

A change of

10 percent in the electron density would cause the continuum intensity

to change by about 20 percent.

Thus the electron density of the source

may be monitored by monitoring the continuum intensity.
Validity of LTE
For practical laboratory radiation sources complete thermal
equilibrium can never be obtained.

Many of these sources, however,

can be described by local thermal equilibrium (LTE) in which the
densities in specified quantum states are those pertaining to a system
in complete thermodynamic equilibrium having the same total (mass)
density, temperature, and chemical composition as the actual system.
The relevant temperature is that temperature which describes the
distribution function of the species dominating the reaction rates,
that is, in the experiment described here the relevant temperature
would be the electron temperature.

This is possible, basically,

since the atomic level populations are predominantly determined by
collisional processes involving electrons.

As a result, the population

distribution of the atomic levels is a Boltzmann distribution
corresponding to the kinetic electron temperature.

In general, not

all of the atomic level populations are determined by colli sional
processes, as the collisional cross-section for excitation decreases
with decreasing principal quantum number.

However, if the resonance

lines (transition to the ground state) are absorbed by the plasma
then equilibrium will exist for those levels up to the upper level of

20
the resonance lines (i.e., emission from the resonance transitions is
balanced by absorption) and only those levels above the upper level of
the resonance line need to be populated by collisional processes.

The

requirement on the electron density for this last situation to hold is
given by Griem.

k2

= ratio of the excitation energy of the resonance line to the
ionization energy of hydrogen
= ratio of the electron kinetic energy

(kT)

to the ionization

energy of hydrogen
a = fine structure constant
a = radius of the first Bohr orbit
o
This condition is easily fulfulled in the experiment described
here.

H. R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (196*0,
P. 151.

CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE
Apparatus
The shock tube." Many papers have "been devoted to the description
and characteristics of T-types, and to discuss them in detail would not
contribute greatly to understanding the experiment discussed here.

An

excellent review article on T-tubes is available in the literature.
The T-tube used in the present experiment (fig. l) was constructed
of 19 millimeter o.d. by 16 millimeter i.d. pyrex tubing.
of the

T

The "leg"

was inserted into an aluminum block and sealed by means of

an "0" ring.

The aluminum block contained the necessary ports for

evacuating the system and for observing the plasma.

An aluminum

reflector was mounted in the block and was so constructed that it was
possible to move it accurately in intervals of 0.1 millimeter. The
reflector served to reflect the shock wave and to bring the shockheated gas to rest.
The observation ports were 2 millimeters in diameter and placed
so that measurements could be made at the center of the tube and near
the wall.

The quartz windows, used over the ports, were easily

removable and could be replaced if they were to become contaminated.
However, the windows remained remarkably clean and several hundred
shots could be made before it was necessary to replace them.

A. C. Kolb and H. R. Griem in Atomic and Molecular Processes,
D. R. Bates, ed., Academic Press, New York (1 9 ^2 ), Chp. 5.
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THectricfll circuitry.- The current path for the discharge (fig. 2)
was from the positive side of a 0.75 l-ifd capacitor through a pressur
ized spark gap, then through a backstrap to the shock tube and to the
negative side of the capacitor.
was 0.8 ^isec.

The current rise time of the circuit

The circuit was critically damped by the use of carbon

electrodes in the pressurized spark gap to prevent the generation of
multiple shock waves in the device.

The charging circuit consisted

of a *K) kilovolt power supply with a maximum current rating of 10 ma.
The capacitor was charged through a ^ Mft resistor to cut down on the
initial current surge.
3.0 seconds.

The charging time of the capacitor was about

The capacitor was grounded through a 10

resistor in

order to eliminate ground loops.
The spark gap consisted of two electrodes sealed into a glass
tee in such a way that the tee could be pressurized and the switching
of the capacitor was activated by exhausting the tee to atmosphere.
The breakdown voltage of the switch, at atmospheric pressure, was
20 kV and voltages up to ^0 kV could be easily switched.
Vacuum system.- The vacuum system (fig. 3) consisted of a two
stage, 2.3 liter/sec mechanical pump and a 4 inch, 3 2 0 liter/sec oil
diffusion pump.

The mechanical pump was used to maintain a steady

flow of gas through the shock tube during a run and also served to
evacuate the system to a sufficiently low pressure to allow use of
the diffusion pump.

A liquid nitrogen cold trap prevented back-

streaming of oil into the system.

Power

Supply

Figure 2.- Electrical

circuitry.
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The system was initially evacuated to 1 x 10
keep impurities in the shock tuhe to a minimum.

-6

torr in order to

The diffusion pump

was then closed off from the shock tube and the shock tube was
flooded with gas.

The mechanical pump was then used to reach a steady

state flow rate at the desired operating pressure.
The pressure was measured with a McLeod gage and was reproducible
to the reading accuracy of .the gage (± 5 percent). The shock tube
pressure was monitored during the actual running of the experiment by
a Pirani gage with a current amplifier.

The Pirani gage is calibrated

for a single gas and not a mixture of gases.

In order to insure that

any change in pressure of the gas mixture would be detected by the
gage the initial filling pressure was varied by changing the partial
pressure of the argon by 0.1 mm (measured with the McLeod gage) and
noting that the decrease in total pressure gave a different reading
on the Pirani gage.

The pressure was never actually measured with

the Pirani gage and its sole purpose was to indicate changes in the
filling pressure if they were to occur.

Fortunately, at the pressure

used no changes occurred and periodic checks with the McLeod gage
insured that the pressure was indeed the same.
Optical system.- The optical system (fig. k-) included three
monochromators to:

(a) scan the line profile shot by shot; (b) monitor
o
the total intensity of the 46o6 A Aril line; and (c) monitor the
intensity of a 55 X wide continuum band centered at 5 1 0 0 X.

The only

available region of the spectrum which contained no emission lines
from the gases used or contamination ranged from

5065X

to

5155X .

Monochromat or

Figure 4.- Optical

system.
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The monitoring monochromator was set to receive radiation from the
center of this range and the experiment was run using various widths
of the exit slit until a good signal was obtained on the oscilloscope.
The width of the exit slit used was 1 mm which corresponded to a
o
wavelength interval of 33 A.
The light from the shock tube was viewed through two optical
paths at right angles to the shock tube axis.

One beam passed through

a lens system to a 0.3 meter monochomator. The (glass) lens system
imaged the plasma on the entrance slit of the monochromator and also
served as a filter to cut out radiation below 3000 X and prevent it
from reaching the monochromator.
The scanning monochromator was equipped with a 1200 line/mm
o
grating blazed for 5000 A. The instrument profile (using 10 n slits)
o
was very nearly Gaussian with a half-width of 0.2 A.
measured by scanning the

The profile was

line (^86l X) produced by a low pressure

hydrogen capillary discharge tube.

The intensity was observed with a

photomultiplier tube whose output was recorded on an X-Y recorder.
For purposes of calculation the profile was assumed to be Gaussian
although some deviation occurred on one of the wings.

The grating

drive of the instrument was modified by the attachment of an
aluminum (circular) plate to the drive shaft. The circumference of
o
the plate was marked in intervals of 0 . 0 6 A, so that very fine steps
could be taken near the peak of very narrow lines.

The drive system

had a rather large backlash and once a point was passed, it could not
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o
be repeated to better than ± 0.25 A, so that it was necessary to
always scan in the same direction.
The instrument was equipped with a 15-stage photomultiplier tube.
The voltage divider and associated circuitry is shown in figure 5.
The photomultiplier output and the ground side of the circuit were
connected to the input of a dual beam oscilloscope through RG 22-AU
cable.

The output and ground of the photomultiplier were fed into

the "A" and MB" inputs of a differential amplifier.

The amplifier

was modified by installing a 1002 resistor between the inputs and
ground to match the amplifier impedance to that of the RG 22-AU cable.
The differential feature of the amplifier could than be employed and
any noise picked up by thesignal, cable would also be picked up by
the grounding cable and be subtracted out by the amplifier.
The oscilloscope was triggered by the noise generated by the
initial discharge of the capacitor by means of a single turn coil
attached to the external trigger system of the oscilloscope.

The

oscilloscope traces were recorded on Polaroid 5000 film.
The second light beam was split by a half-silvered mirror (see
fig. *0 . One-half of the beam was then passed to a lens which imaged
the plasma on the entrance slit of a 0.5 meter monochomator. The
other half of the beams was passed to a front surface mirror from
which it was reflected to a lens which focussed the plasma on the
entrance slit of a 0.5 meter monochromator.

Each of these instruments

was equipped with an 11 stage photomultiplier tubes.

The circuitry

r
iH

lf\

r-I

< H

CM

Figure 5*- Photomultiplier circuit.
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used for the photomultiplier and the method of obtaining oscilloscope
traces was similar to that used for the 13 stage photomultiplier.
Alinement of the three monochromators was accomplished by first
alining the scanning monochromator with the shock tube.

A small light

bulb was inserted in the position that the shock-heated plasma would
occupy.

After this instrument was alined a mercury lamp was placed

at the exit slit of the monochromator.

The light path was then

through the monochromator and lens system so that the source was
imaged at the center of the shock tube.

This image was then used as

the focal point of the monitoring lens system and the other two
instruments were alined to it.

The alinement was then checked by

moving the mercury source to the exit slit of each of the monitoring
monochromators and insuring that the light traveled the same path in
each case.

This procedure also insured that all three instruments

viewed the same position in the shock tube.
Experimental Procedure
Selection of operating conditions.- In order to determine the
operating conditions under which the experiment could be operated to
produce the spectral lines of interest, a series of spectra were taken
using a 1.5 meter spectrograph.

The shock tube was initially filled

with pure helium at 1 torr and on the succeeding shots argon was added
in small (0.1 torr) amounts.

At each pressure used the experiment was

operated at voltages between 30 kV and 40kV in 2 kV steps.

These

spectra were then used to determine the general range of pressure and
voltage for which the lines of Ar II were strong enough to be measured.
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A strong Ar II line was then monitored with the scanning monochromator
and the position of the reflector was adjusted until reproducibility
was obtained.

The filling pressure and the capacitor voltage were

then varied slightly while monitoring both the Ar II line and the
continuum to give a maximum of continuum intensity without sacrificing
reproducibility.

The lines of interest could then be scanned in fairly

large steps to determine if they were sufficiently wide to allow a
reasonable measurement to be made.
Monitoring of reproducibility." In order to scan a spectral line
profile shot-by-shot care must be taken to insure that the plasma
produced by each shot does not vary in temperature or electron density
(within reasonable limits). To insure that the plasma conditions were
the same on each shot, monitoring of the temperature and electron
density were necessary.

To accomplish this use was made of equation

(2-19) and equation (2-21).

One of the monochromators measured the
o
total intensity of the ^ 0 6 A Ar II line. The signal received by the
oscilloscope is then directly proportional to the total intensity of
the line.

A variation of ± 10 percent was*accepted for this signal.

The second monitoring monochromator measured the intensity of a
continuum band 33 A wide centered at 5 1 0 0

X.

cent was acceptable on this signal also.

The values for these two

A variation of ± 1 0 per

signals were obtained ifram a series of 2k shots.

The oscilloscope

traces from the two monochromators were measured at the same point in
time (near the peak continuum intensity) and the values from each

55
monochromator averaged.

These average values were then used as

standards for the two signals.
Measurement of line profiles.- The system was initially evacuated
to 1 x 1 0

6

torr and was then filled to a pressure of 1 torr with a

mixture of 97 percent helium and 3 percent argon.

The system was

allowed to reach equilibrium during which time the capacitor was
charged to 37 kV.

The capacitor was then discharged by exhausting

the pressurized spark gap to atmosphere.

The two monitor signals were

then inspected and if they were within the predetermined level the
trace from the scanning monochromator was accepted.

Two acceptable

signals were taken at each wavelength setting after which the
monochromator was set to the next wavelength and the process repeated.
1 °
Measurements were normally taken every ^ A on the wings while on the

line itself the spacing was ^ X.
1 o
g A was required.

On the narrowest lines a spacing of

After the line had been completely scanned a

measurement of the continuum intensity was made on each side of the
line (whenever possible) at a sufficient distance from the line so
that the intensity of the line wing was negligible.

The average value

of these two measurements was used as the value of the underlying
continuum.

CHAPTER IV
RESULTS AND CONCLUSIONS

Evaluation of Data
Determination of electron density and temperature.- Measurements
of the profile of the He I 5 8 7 6 A line were made at the center of the
shock tuhe and near the wall.

The two signals obtained at each wave

length setting were averaged and the measured value of the underlying
continuum subtracted out.

The corrected values were then plotted and

a Lorentzian profile fitted by inspection to the points by varying the
central intensity and the halfwidth until a best fit was obtained
(fig. 6 ).

The short wavelength side of the line was distorted due to
o
a Si II line at 5868 A and a good fit of the profile could only be
obtained on the long wavelength side.

The halfwidth of this line was

much greater than the instrument profile so that no correction was
required for instrumental broadening.
width value in equation (l-3) gives

Substituting the measured half
Ng = 1.03 X lO1^ cm”^ (± 10 per

cent) . The temperature was determined from the ratio of the total
o
line intensity to a 100 A band of the underlying continuum. Values of
this ratio have been tabulated
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and once the ratio was obtained it

was only necessary to compare this value with the tabulated values to
obtain

Tg = 18,000° K (± 20 percent).

This procedure was carried out

for the profiles obtained at the center of the shock, tube and at the
---- p.------------------------------------- --- --- ----------------H. R. Griem, Plasma Spectroscopy. McGraw-Hill, New York (1964),
p. 2 0 8 .
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wall.

The values of electron density and temperature obtained at

the two positions agreed well within experimental error insuring that
the plasma was uniform across the shock tube.

The temperature

obtained by this procedure was then used to evaluate equation (2-2^4-)
to determine the minimum electron density at which the collisional
processes would dominate.

The minimum value obtained was 3

X

10

cm

and the experimentally determined value of electron density was
sufficiently, large to insure that the plasma was dominated by the
collisional processes.
Reduction of experimental data.- Profiles of the Ar II lines at
^-806 A, ^-736 A, and

A were obtained in this experiment.

The

profile of the 4806 A line was obtained at the center of the shock
tube and at the wall to insure that the two gases were uniformly
mixed.
The experimental points taken at each wavelength setting were
averaged and then corrected for the underlying continuum.

These

corrected points were then plotted and since they were quite narrow
it was necessary to correct for instrumental broadening.
If monochromatic light is measured with a monochromator the
measurement will show a line with a definite shape and width.
cause of the line width is due to the finite slit width.

One

However,

even with very narrow slits the spectral line width cannot be made
infinitely sharp due to the finite number of lines in the grating and
partly because of aberrations and diffraction.
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The intensity distribution in an observed spectral line often
arises from the superposition of two intensity distributions due to
different broadening mechanism.

If the two mechanisms are independent

of each other the observed intensity distribution is the convolution
of the two.

Ifolded(A) = ^/—00 L(A) G(A) d(A)

(4_1)

L(A), G(A) = intensity distributions (independent).
For many experiments

L(A)

is the Lorentzian distribution of the

impact broadened spectral line and
the measuring instrument.

G(A)

is the Gaussian profile of

The resulting intensity distribution is

the well known Yoigt profile.
Tabulated values of the Voigt profile
actual line profile.

il-5

were used to recover the

To compare the experimental profile to the

tabulated values the width of the experimental profile was measured at
definite fractions of the central intensity and these widths were
expressed as a fraction of the halfwidth.
compared to the values in the tables.

These values were than

Due to the scatter in the

experimental points it was necessary to go through this procedure
several times until a reasonable agreement between experimental values
and calculated values were obtained. The experimental profile for the
o
'foOo A line is shown in figure 7* The two points located on each side
o
of the profile at about 1 A from the line center appeared to be due to

I4.5
'
......
J . T. Davis and J. M. Vaughn, Astrophy. J. 137> 1302 (1 9 6 3 ).

o<
in

in

oo

Avisnevtl

Figure 7*- Ar II ^806 A profile.
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grating ghost hut did not appear on other profiles.

It was therefore

assumed that the two points are due to the normal scatter of the
experimental points.

Three Voigt profiles are plotted and the middle

profile was taken as the best fit.

The tables indicate for this

profile that 7^.2 percent of the halfwidth is contributed by the
Lorentzian.
Experimental results.- Measurements of three Ar II spectral lines
were obtained in this experiment.

Two of these lines (^+606 X and

,
o.
4736 A) are in the same multiplet and the experimental profiles
agreed to well within experimental accuracy.

After correcting for

instrumental broadening the halfwidths of these lines were compared
to the theoretically predicted values.

The measured halfwidths of the

o
o
46o6 A and the V 736 A lines were found to be broader than predicted
by a factor of 2 .6 .
The

bk26

o
A line is also broader than predicted, however> the

continuum measurement for this line was inaccurate due to a weak Ar II
line which was not listed in the wavelength tables used.

Its

presence was suspected when the measured continuum intensity was
compared to a value obtained by extrapolation of the measured continuum
intensity for the 46o6 A line.

This line was found listed, after a

lengthy search, in the comprehensive tables of Minnhagen.
limits can be set on the halfwidth of this line.

k r7

Only

The halfwidth is,
-

C. E. Moore, Nat'l Bur. Std. Technical Note 36 (1939)«
I17
L. Minnhagen, Arkiv pysik 2£, 203 (Stockholm, 1963) .

therefore, broader by a factor between 2.5 and 5»5«

The larger value

was obtained by using the extrapolated value of the continuum intensity
and the factor by which the halfwidth is broader is probably closer
to his value.
o
In a later experiment measurements were made of the 5729 A Ar II
line at a higher electron density.

No independent measurement of the

electron density could be made as the additional broadening of the
5876 He I line caused an overlap with neighboring lines. However, if
o
the results obtained for the ^t-806 A line are taken to be valid at the
higher density the line may be used to determine the electron density.
With this assumption an electron density of 6 x 10

17

cm

-5

was obtained

o
and the measured half width of the 5729 A line was broader than the
predicted value by a factor of 2 .5 .

Discussion of Errors
The scatter in the experimental points taken on the Ar II profiles
(particularly at the line peak) required that the central intensity of
the Yoigt profile be varied in order to obtain a best fit.

This

procedure was carried out over the range of central intensities that
would fit the experimental points at the peak of the experimental
profile and the halfwidth was determined at each value of central
intensity used.

The variation in halfwidth between the best fit

obtained and the extreme values of central intensity that could be
fitted as 7 percent.

The experimental value of the halfwidth is then

accurate to at least this value.

Using the value of central intensity

and halfwidth determined in this way it was then possible to fit Voigt
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profiles of different Lorentzian percentage to the points until a best
fit was obtained (by inspection) on the line wings.

The best fit was

obtained using a Voigt profile which was 74.2 percent Lorentzian while
the next closest fit was 6 7 .2 percent Lorentzian.

The error in

determining the contribution of the Lorentzian part of the halfwidth
is therefore 7 percent.

The total error in the measured halfwidth

is then l4 percent.
Measurement of the electron density by using the halfwidth of the
o
i+8
He I 5876 A line is accurate to 10 percent.

Griem has anticipated

that the accuracy of the calculated halfwidths is 20 percent.

l|-9

The

electron density in the experiment described here is therefore
sufficiently known to determine if the calculated halfwidth is accurate
to this figure.
Measurement of the temperature by using the line to continuum
ratio method involves, in this case, an error of about 20 percent.
This large error is due to uncertainty in the continuum intensity due
to the contribution by the argon.

The error in the temperature measure

ment does not introduce any additional errors into the halfwidth
measurement as this is relatively independent of temperature.

It was

necessary to determine the temperature, however, in order to insure
that the plasma was optically thin at the wavelengths measured.

-------------------------------------.
- R. Lincke, dissertation, Univ. of Maryland (1964).
J4.9
H. R. Griem, Plasma Spectroscopy, McGraw Hill, New York (1964),
p. 8 7 .
^

^+2
Conclusions
The results of the experiment are summarized in table I.

All

three of the measured halfVidths are larger- than the predicted value
by, at least, a factor of 2 .5 .

These results have been published

and independent measurements of the 48o6

i. Ar II line are in good

agreement with the results obtained here.

51 52 55
} ’

50

Measurements on the

kk26 A Ar II line*^ are also in agreement with the upper limit arrived
at in this experiment.
The most dubious assumption in the theoretical calculations is
55
that of the straight-line classical path and Griem
has recently
shown that if deviations from the straight-line classical path and the
effects of collision induced transitions are taken into account the
o
o
theoretical halfwidths for the 48o6 A line and the
6 A line agree
with the experimental widths to about 30 percent while the halfwidth
o
of the kk-26 A line is in agreement to about 15 percent. However, when
these two effects were taken into account for singly ionized nitrogen

N. W. Jalufka, G. K. Oertel, and G. S. Ofelt, Phys. Rev.
Letters, 1 6 , 1076 (1 9 6 6 ).
51

52

D. D. Burgress and D. F. Roberts, Imperial College of Science
and Technology, London (private communication).
C. H. Popenoe and J. B. Shumaker, Jr., J. Research Natl. Bur.
Standards 69A, ^95 (19^5)•

53
W. R. Powell, dissertation, Johns Hopkins University (1 9 6 6 ).
5k
W. R. Powell, dissertation, Johns Hopkins University (1 9 6 6 ).
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H. R. Griem, Phys. Rev. Letter, 1J, 5 0 9 (1 9 6 6 ).

^3

43
-p

TABLE

I.- COMPARISON

OF THEORETICALLY

PREDICTED WIDTHS

TO EXPERIMENTALLY

•H
£
<+H
rH
03
4
t3

O
h
3
CQ
cj
CD
S

Xi

<U
h
3
CQ
ctf
CD
S

3
o
•H
+3
<u
5-1
O
CD
43
EM

-P
•H
5
rH
ctf
43
^3
o
•H
-P
CU
Pi
O
<U

KN
VO
•
CU

VO
»
CU
a

KN
1
LTN
•
CU

VO
•
CU

£3

43
-P
nd
•H
>

o
4
ON
KN
•
O

•
o
1
o
KN

ON
KN
•
o

3

1
—1
rH

o

43
•P

t3

•H

<2
rH
cd
43

—
KN
1 _ rH
S 1
o
O
i—1
•V

<D X

LfN
rH
•
O

If\
rH
•
o

CU
rH
•
O

KN
O
•
rH

KN
O
•
H

KN

CU
-4
•
O

O
•

VO
(»C

H

S2!

(3
O
•H
P
H
CQ
§
Pi
EM

o<4
1<

o
-4

ft

ft
-4

-4

O
ft

-4

ft
4

1

1

ft

ft

CQ
-4

VO
O
s

4

CQ
4

VO
KN
b-

-4

o
4

n

ft

o

CO

4
ft

4

4

l
ft
-4"

CQ
4

VO
CU
-4
-4

1
4

ft

CQ
4

ON

CU
tKN

the disagreement between theory and experiment
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is typically a factor

of 2.5 to 5 . Consequently it appears that some of the remaining
assumptions made in the theory should be investigated further.
In conclusion the present theory of Stark broadening, while an
improvement over previous theories, does not accurately predict the
halfwidths of ion spectral lines in all cases.

The lack of experi

mentally measured halfwidths of ion lines limits the overall picture
and the need for more measurements should be pointed out.

It would

also be advantageous to measure halfwidths of ion lines over a large
range of electron density.

This would determine, to a certain extent,

the dependency of the halfwidths on the electron density.

It would

also be advisable to measure halfwidths of several lines in each
multiplet (where ever this is possible) in order to determine if all
levels in a particular state show the same amount of broadening.

R. A. Day, dissertation, University of Maryland (1 9 6 ^).
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